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CHARACTERISTICS OP A PROPELLER SECTION 
By Theodore Theodorsen and George Y/, Stickle 



SUMMARY 



A convenierxt technical method is presented to 
evaluate changes in the airfoil characteristics rosr.lting 
from axtea:?icn of the chord ?t the trailing edge of a 
propsJlei^ "blade section. The method determines the 
chan£*o in the angle of zero lift, the ideal angle of 
attack, and the difference in these angles (upon which 
the design lift coefficient depends) as a functio?a of the 
angle and length of the trailing -edge extension. The 
treatir:ent is based direotly upon r.he thin-sirfoil theory 
and 1g thus conc?;rned only with the mean camher line of 
the &''ci:ion,, Rramplo? and dotail^^d computations are 
giv^n zo illustrate tho application of the method. The 
method Is applica^ble to all propeller sections and is 
short; enough to permit use in practical design. 



INTRODUCTION 



A flat sheet of metal is sometimes attached to the 
trailing edge of a propeller hlade in order to increase 
the propeller solidity for a given blade design. The 
addition of the flat'^ sheet on the trailing edge of the 
propeller blade changes the characteristics of the blade 
section. The nev/ characteristics are dependent upon 
the angle of the extension^ the length of the extension, 
and the original airfoil section. The problem of 
determiinlng the angle at which the sheet should be added 
and the effect of this angle on the angle of zero, lift, the 
ideal angle of attack^ and tlie design lift coefficient 
is the subject of this paper. 

The ideal angle of attack is defined as the angle 
at v^hich the front stagnation point is at the leading 
edge of the airfoil. The design lift coefficient is 
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defined as tho lift ccefficlont of the airfoil when set 
at l;-he ideal angle of attack. If the design lift coeffi- 
cient, so defined, corresponds to the operating condition 
of the propeller section, the airfoil section has a 
caiiiber that gives it the highest critical speed (best 
pressiire distribution) obtainable for the operating; 
condition with the camber and thlolmess distribution 
which derJne the airfoil. 

A relative chan£;e in the angles of zero lift of the 
airfoil sections along the propeller radius in effect 
changes the pitch distribution of the propeller. The 
angle of the trailing-edge e-ctcnslon thus permits 3omQ 
selection of the pitch distribution of the propeller. 
This report shows ho\^ this effect may be evaluated. 

The method of this report is based on the coiacept 
of the e:caTnlnatlon of the mean cai-nber line from thin- 
airfoil theory of referonce 1. The method has been 
checked for accuracy v;ith the ruora complete but more 
difficult methods of references 2 and 3 and found to 
be in good agreerriGnt for thin sections as used on 
propeller blades. 

Exporlni.ontal data on airfoil section lift coeffi- 
cients as a function of angle of attack are generally 
used in analyzing propeller operation. Since experi- 
mental data for airfoil sections with extended flaps 
are not available, theoretical calculations must be 
used in analysing propeller operation with trailing- 
edge extension flaps. Experimental and theoretical 
values of lift coefficient as a function of angle of 
attack rarely are in perfect agreement » The discrep- 
ancy increases with airfoil section camber and thickness 
and'makes it difficult to compare results when theo- 
retical and experimental values are used together. For 
this reason the difference in the airfoil characteristics 
between the original and the extended airfoil sections 
are used in tho ^ application of the results of this report 
to propeller analysis. 



METHOD OP ANALYSIS 



Calculation of the angle of zero lift, the ideal 
angle of attack, and the design lift coefi'aclent is 
based on the examination of the mean camber line of tho 
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airfoil section. The method is adapted from reference 1, 
v/hich gives a discussion of its theoretical background 
and validity. The present paper applies the solution 
to the particular problem of extended flaps on airfoil 
sections and presents the method in a forra that makes 
it easily applicable to this specific problem. The 
steps in the procedure are as follov/s: 

(1) Obtain the ordinate y at an abscissa x of the 
camber line of the airfoil from a line joir4ns the ends 

of the camber line. 

(2) Calculate the function P from 



P = (1) 
\/x(l - x) 

(5) Calculate € for the nose of the airfoil: 



1 ? 1 fO-'^i25p 

Jo. 0125^ ^ Jo ^ 

The first term of equation (2) la integrated graphically. 
The second terra, which may be denoted as or 





0.0125 



0 



X \fx{l - X ) 



may be evaluated, however, if the te3?ra 1 - x is taken 
equal to unity. Thi3 substitution causes an error of 
only 0,6 of 1 percent in the Ac^ term or approximately 
0,2 of 1 percent in Cjj, Then, 



0.0125 




^- dx ik) 



x5/2 
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An approximate eqviation for the part of the camber 
line fr^om x = 0 to x = 0.0125 ^^7 written in the form 
of 

y = cx - hx^ 

where c is the slope of the canher line at x =^ 0, 
and b is a constant that will make the ordinate at 
X - 0.0125 equal to the y ordinate of the camber 
line. (See fig, 1. ) 

It may be shown that the integral of equation (ij,) 
is equal to 



tr 



7 



(5) 



Where x^ and j-^ are the values of x and y at the 
common limit of the graphical and analytical integrations. 
The value of x at which the graphical integration is 
stopped and the analytical begxm may be anjAvhero in the 
region of x = 0.0125 • ^Ahen extension flaps are added, 
the most convenlonb value is loss than x O.OI25, 

(ii) Calculate € for the tall of the section in 
the same inanner as €jj is calculated by replacing 
X by 1 - X : 




O.9S75 



P ^ 1 

1 - X TT 



/0.9875 



1 - X 



dx (6) 



(5) The angle of zero lift in degrees is given by 

(6) The ideal angle of attack in degrees is given 

by 

Cj «28.6 + (8) 

(7) The difference between a^^^ and aj is the 

angle upon which the design lift coefficient depends. 
If the slope of the lift curve a is known for the 
section, the design lift coefficient may be calculated by 

CLi = a(ai - ajj' (o) 
CONFIDENTIAL 
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As was exp-lalned In the Introduction, these com- 
pn.totions are riost accurate for vnlues to be used in 
comparison of tho ori^xnal and tho extended airfoil 
sootions. If used in this manner, the corjiputaticn.- 
give an accux'ate picture of the change in the operating 
conditic ns of the propeller sections when any an.v;le or 
length cf extension is used. 

The method for Pm representative exaraples is given 
in the appenrti;:. .md computations for four e::ari.plos are 
given in tables I to IV* The ex'^uiples are for an 
NIC /I 1^^-series airfoil section and a Clark Y airfoil sec- 
tion. The N.OA l6-series section ?ias a design lift coef- 
ficient of 0«5 and, since ovJ.j the mean ca^nher line is 
enploycd in the calculations, is- desi.'priated 16-^0^, which 
applies to an airfoil of aero or einy other thickness. 



Oojiiputations hav^ been nado for an TTAC; iS^-^XX air- 
foil section v/itn ar a.Ttension of 20 percent of the chord. 
The results are given in figure 2 as a function of tho 
ane.le of e.::terslou measured from a strai-hb line joining 
the endG of the :iecn c^r^ber line of th<^ cri-inal airfoil. 
The an.jile of 2',ero lift, the ideal an^lo of attack, and 
the difference beti^.een the two an,;les of the original 
airfoi^l are shown in fif-^ure 2,^ The an^le of extension 
v/ould have to be 9.7^ to it}ake the angle of zero lift 
equal to that of the ori£inal airfoil, Ip.P^ to keep 
the ideal angle of attack unchanged, and 6^ to make 
the difference b3ty;een the tv;o angles the sa^rie, which 
would uean equal design lift coefficients for tho 



It is 'inherent in the method that these calculated 
angles are neasurod fron a straight line joining the 
extremities of the mean cainbcr Ixne of the extended air- 
foil section. If it is desired to refer th^^se angles to 
the camber line of the original axrroil section, the 
follov/ing formula ^ives the an::':ular difference a-^ 

between the tv/o reference lines s 



•;:^GULTfl ANP .DISCI JSSIO?! 




sin (single of extension) 



cos (Angl 



e of extension) 
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originrl and extended pirfolls. If the angle of 
extenr.lon Is meac 13*2^ so that the Ideal f^ngle of 
pttpck rem.'^ins iznchfi.nged, brepka^&y of the flow e.t lov 
lift coefficients might be encountered. 

Figure 3 gives the results for p 20-perGent extension 
on p Glprk Y airfoil of 1,83-percent crmber, which corre- 
sponds to 8 stpnderd Clark Y section of 6-percent 
thickness. The angle of the extension that gives 
characteristics equivalent to the original airfoil is 
seen to be greatly reduced over that of figure 2 because 
of the sin.?li amoujtit of camber for the original airfoil ♦ 

The results are shown in figure h for a 20-peroent 
extension on p Clark Y airfoil of 5 •^l-9"P^^cent cumber, 
which corresponds to a standard Clark Y section of 
approximately l8-percent thickness or to a double 
cambered Clr-rk Y section of thinner section with a 
design lift coefficient between 0,6 and 0.7. These 
results were calculated to investigate the effect of 
camber alone. 

The results for a ^tO "-percent extension on a 
Clark Y airfoil of ,h9-^'peroenz cpmber are prer^ented 
in figure 5* The pngle of the extension to maintain 
the srina design lift coefficient as the basic airfoil 
is approximately the same for both the 20- and the 
40 -percent extensions , 

Figure 6 shows a comparison of the a.i ^ f^xid the 
aj - cti^ curves for the four conditions investigated. 

It may bo observed thrt the slopes of the curves 

' o 

are all approximately eqiial r?t a v^lue of 0.35^ per 
degree of the angle of the extension. The reason for 
this condition can be seen from examination of equa- 
tions (6) and (7) along with figures 7 and 8, The value 

of is defined by ^rn, and from figure 8 it can 

o ^ 

be seen that the trailing edge of the airfoil is the 
dominating factor in determining c^. The ar - a? 

curves are seen to vary more in slope than the aj 

curves. Camber of the original airfoil section merely 

shifts the v.^lue of a? for a given extension ^^ngle. 

o 



CONFIDENTIAL 



NACA ACR No. l4I21 COKPIDENTIAL 



7 



The length of the extension h.93 the spme effect as 
crmber. The longer the extension the less crmher the 
extended ftj.rfoil has for a given angle. 



CONCLUSIONS 



A convenient technlc£?l method hee boon presented 
to ovrluaio chfinges In the f.lrfoil chrracteristics 
resultlTig from pn extension of the chord pt the trolljng 
edge of p.. propeller blade section. The method determines 
the change In the angle of zero lift, the idej^l angle of 
attack, and the difference in these angles (upon which 
the design lift coefficient depends) as a function of 
the angle and length of the trailing edge extension rnd 
permits the ediustment of the angle of the extension of 
the chord to comply with any requirements regarding the 
engle of zero lift or the design lift coefficient. 

It Tras found that for the cases considered the 
chpracterlstlcs obtained by this short method were 
actually ?n perfect agreement with data c-lculated by 
the exact method of the arbitrary airfoil theory. 
This agreement Is, of course, not necessarily true 
for thiok sections or ext,reme cases of curvature no^r 
the extremities of the chord. On the other hand, for 
normal cases the method is sufficiently accurate for 
ell technical purposes. 



Langley Memorial Aeronautical Labor ptory 

National Advisory Committee for Aeronautics 
Langley Field, Va, 
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APPENDIX 
COMPlPrATIONS IN DETAII, 



Tables I and II contain the detailed computations 
for an NACA I6-5XX airfoil section for the original air- 
foil and for the airfoil extended 20 percent. Tables III 
and IV contain the detailed computations for a standard 
6-perccnt -^thick Clark Y airfoil with and v;lthout an 
extended trailing edge of 20 percent • Table V gives the 
camber ordinstes for NACA l6-series airfoil sections 
and table VI, the camber crdinates for Clark Y sections^ 

Each step in obtaining the results for the 
NACA lf>-^XX section without trailing-edge extension is 
explained In detail for table !• Ths steps that are 
different because the airfoil is extended are explained 
for table II • 



Exanple I - Characteristics of NACA 16-5XX Airfoil 

Trie nurabers in parentheses refer to column nimibers 
in table !• 

(1) Bj use of table V, select x^alues of x to be 

used. 

(2) Subtract values of x from unity, 
(5) Multiply (1) by (2). 

in.) Take square root of (5), 

(5) Obtain ordinate of mean camber line from 

table V by multiplying values in table V by 
the design lift coefficient of 0,5 ^nd convert 
to fractions instead of percent, 

(6) Divide (5) by 

(7) Divide (6) by (1). 

8. Plot (7) against (1) between the values of 
X - 0,0125 and X = 0^95 extend the 
cixrve to x = 1.0 as shown in figure 7, 
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9. Integrate with a planliiieter "between the limits 
of X = 0.0125 and x - 1.0. 

.10. Galcvlate Aejj from equation (5) : 

2 



TT'^ XI 



5 



v/hen 

XI = 0.0125 

= 0.00268 
c = 0.62251^. X 0.5 = 0.51117 

then 

A€w = — £-^(0.00268 + 0.00031) 
^ O.lllSiT 

= 0.0199 

11, Galcialate €jj fro?a equation (2) and the results 

of steps 9' and 10; 

^N = ~ I - ^^N 

Jo. 0125 " 

or 

= S^l . 0.0199 

= -0.0789 

12. Since the NAG A I6-5XX airfoil has a symmetrical 

camber line. 



15 • From equation (7) calculate angle of zero lift 

= -57.3€t 

= -57.5(0.0789) 

1)4. From equation (8) calculate the ideal angle of 
attack ai: 

ttj = -28.6{€rji + €jj) 

CONFIDENTIAL 



10 



CONPIDEUTIAL NAG A ACR No. l4l21 



15. Calculate the difference aj - ai^t 

- Cj = 0 + Ii.,52 

Example II - Characteristics of NAGA I6-5XX Airfoil 

with 20-Porc3nt Extension 

Calculations are presented for the characteristics 
of the MCA I6-5XX airfoil with a 20-percent extension 
set at an ejigle of 7.58^ to the line joining the ends 
of the maan camber line r This angle is equal to the 
angle formed by a straight line drawn through the 7 
ordinate at 90 percent of the chord and the end of the 
mean camber 'line . 

The mmbers in parentheses refer to column numbers 
in table II. 

(1) Select values of xg (abcissa of airfoil with 

extended additions), 

(2) Obtain values of f^om table I (ordinate 

of airfoil with extended additions), 

(5) Compute Ay from 

Xp 

Ay = -72, —2 

where y^ is the ordinate y^ at Xp = 1,2. 
(if.) Add (2) and (3). 

(5) Convert (I4.) to unit chord by dividing by 1.2. 

(6) Convert (1) to unit chord by dividing by 1.2, 

7. Add a station at x = O.9875. The y ordinate 

is obtained by proportion since the extension 
is a straight line. 

8. \Wien the coordinates of the mean camber line 

are obtained from the base of a straight line 
joining the ends of the mean camber line of 
the extended airfoil, the example proceeds 
in the same manner as example I until cjj is 
obtained. 
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TABLE I.- CALCULATIONS FOR NACA l6-5XX AIRFOtL 



f 1 ^ 


(2) 


(3 ) 






VO ; 




X 


1 - X 




Jx(l - x) 


J 


P = 

7 


X> /v 

F/X 




1 -(1) 


(1) X (2) 






T X ^ X - X ; 

(5)/(i+) 


(^)/(l) 


0 


i;oo 


0 


0 


0 










012^ 


« XX V7 




n noli 9 




.05 


.95 


.OI1.75 


,2179 


.0079 


.0563 


.726 


.10 


.90 


.0900 


,3000 


.0129 


.0I1.51 


.1+31 


.20 


.80 


,1600 


,i+000 


.0199 


.0I1.98 


.2i}.9 


.50 


.70 


.2100 


.1+585 


.021+5 


.0550 


.177 


.1+0 


.60 


.2li.00 


.1+899 


.0268 


. 05IL7 


.157 


• !?o 


.po 








nc;c: p 


• XX u 


.60 


.I4.O 


.21+00 


.1^399 


.0268 


.051^7 


.091 


.70 


.30 


.2100 


.1+583 


.021+5 


.0530 


. 070 


.80 


.20 


.1600 


.1+000 


.0199 


.0)4.98 


.062 


.90 


,10 


.0900 


.5.000 


,0129 


.01+31 


.Ol+S 


.95 


.05 


.01+75 


,2179 


.0079 


.0565 


.053 . 


■1 00 


0 


0 




0 








0.0789 
■o>0789 


a?- 0° 


^I ' °^lo 


^ i+.52° 
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TABLE III,- CALCULATIOMS FOR CLARK Y AIRTOIL WITH 1,83-PERCENT CAMBER 
CORRESPOSDISa TO STMDARD 6-PERCEHT THICK CLARK Y AIRFOIL 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 












P m 




P 




1 - X 


x{l - x) 


/x(l - x) 






P/x 


1 - X 




1 - (1) 


(1) X (2) 


\m 




/xTi^xf 

(5)/ (4J 


(6)/(l) 


(6)/(2) 


0 


1.00 


0 


0 


0 








.0125 


.9875 


.0123 


.1109 


,0015 


0.0135 


1, 080 


0.014 


.05 


.95 


.0475 


.2179 


.0056 


.0257 


.514 


.027 


.10 


.90 


,0900 


.3000 


.0096 


.0320 


.320 


.036 


.20 


.80 


.1600 


.4000 


.0148 


.0370 


.185 


.046 


.30 


.70 


.2100 


.4583 


.0174 


.0380 


.127 


.054 


.40 


,60 


.2400 


.4899 


.0183 


,0374 


.094 


.062 


• 


.50 


.2500 


,5000 


• 0178 


.0356 


.071 


.071 


,60 


,¥) 


.2400 


.4899 


.0161 


.0329 


.055 


,082 


.70 


.30 


.2100 


.4583 


.0132 


.0288 


.041 


.096 


,80 


.20 


.1600 


.4000 


.0096 


.0240 


.030 


,120 


.90 


.10 


.0900 


.3000 


.0051 


.0170 


.019 


.170 


.95 


.05 


.0475 


.2179 


.0026 


.0119 


,013' 


,238 


.9875 


.0125 


.0123 


.1109 


.0007 


.0063 


.006 


.504 


1.00 


0 


0 


0 


0 










Cjj . -0.0481 
. 0.0318 


«I - 


-1.820 
0.47° 


a, - a, - 2,390 
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TABLE v.- CMffBER-LINS OxRDINATES FOR 

THE 16-SERIES AIRFOIL SECTIONS 

(All val\;e3 iseaaured in iDercent chord from chord line: 

lift coefficient, l.o] 



Station 


Ordinate 


SI opo 


0 


0 




1.25 


.535 


• 5li771 


2.5 


.950 


.29155 


5 


1.580 




7.5 


2.120 




10 


2.587 




15 


5.361" 




20 


5.982 




25 


ii..h.75 




30 


li..86i 




1^0 


5.556 


.05227 


50 


5.516 


0 


60 


5.556 


.05227 


70 


i+.86l 


.0671+5 


80 


5.982 


.11052 


90 


2.587 


.l7.'+36 


95 


1.580 


.25ii.52 


100 


0 


.6225i|. 
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NACA ACR No. lJj.121 CONPIDEKTIAL 

TABLE VI,- MKAN-CAMBER AND THICKNESS ORDINATES FOR 
FAI!ILY OF AIPJOILS BASED UPON CLAIlK: Y SECTION 



values are given In percent of wing chord] 
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6812 




20 


6062 
• v.' V k,^ w 




50 






ii-O 


1. GOOD 




50 


.9732 




60 


.8778 


.5910 


70 


.7223 




80 


.5207 


.2231 


90 


.2785 


.1197 


95 


.11^55 


.0657 


100 


0 


0 


L.E. radiuo: 0.009t2', T.E, radius; 0.005t. 
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Figs. 2,3 
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Ftcw« 2.. Bifii 16*^ alrroU with 20-pwe«Bt MUttfiteB. 
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'Angle of •ztension^ d*g 
Figure Clark Y alrfoU with l«85-perc«nt camber; 20-peroent extenaloa* 
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Pig. 6 
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NACA ACR No, L4I21 



Figs. 7,8 





